Background: Although genes involved in apoptosis pathways and DNA repair pathways are both essential for maintaining genomic integrity, genetic variants in DNA repair have been thought to increase susceptibility to radiation carcinogenesis, but similar hypotheses have not generally been raised about apoptosis genes. For this reason, potential modification of the relationship between ionizing radiation exposure and breast cancer risk by polymorphic apoptosis gene variants have not been investigated among radiation-exposed women. Methods: In a case-control study of 859 cases and 1,083 controls within the U.S. Radiologic Technologists cohort, we assessed breast cancer risk with respect to 16 candidate variants in eight genes involved in apoptosis, inflammation, and proliferation. Using carefully reconstructed cumulative breast dose estimates from occupational and personal diagnostic ionizing radiation, we also investigated the joint effects of these polymorphisms on the risk of breast cancer. Results: In multivariate analyses, we observed a significantly decreased risk of breast cancer associated
Introduction
In normal cells, growth and proliferation are controlled by a complex interplay of several pathways, including cellcycle checkpoints, DNA damage sensing and repair, proliferative signaling, and programmed cell death (apoptosis; refs. 1-3). Two main types of programmed cell death occur. One is external to the cell involving the death receptor ligand and several death receptors, including death receptor 4 (DR4). The second is the intrinsic mitochondrial pathway, with both types ultimately activating caspases, of which one is caspase-8 (CASP8). Genes that modulate apoptotic gene expression, induce apoptosis secondary to cell injury or inflammation, or participate in the initiation or suppression of apoptosis include the aryl hydrocarbon receptor (AHR; ref. 4) , cyclindependent kinase inhibitor 1A (CDKN1A or p21; refs. 5, 6) , the cytokine interleukin-1a (IL1A; ref. 7) , the proliferationrelated transforming growth factor h (TGFh) family members, and genes in the insulin growth factor pathway including the binding proteins (e.g., IGFBP3), although some specific mechanisms are not well understood (8) (9) (10) . Previous studies of single nucleotide polymorphisms (SNP) in apoptosis and proliferation genes have shown inconsistent associations with breast cancer, except for a confirmed reduced risk for CASP8 (D302H, rs1045485) and a strongly suggestive increased risk for TGFb1 L10P (rs1982073; ref. 11) .
Breast cancer risk is increased after relatively high radiation dose exposures (12) but quantitative studies of breast cancer risks associated with low-to-moderate ionizing radiation exposure in the general population are difficult to conduct because large numbers of exposed and unexposed women are required, long-term and complete follow-up are needed, and lifetime measures of reconstructed doses must be available (13) . Since the mid-1980s, we have followed a large nationwide cohort of U.S. radiologic technologists who were exposed to low levels of ionizing radiation from occupational sources and from personal medical diagnostic and therapeutic procedures. Ionizing radiation causes several forms of DNA damage with doublestranded breaks and complex lesions being the most relevant for inducing genomic instability and apoptosis (14) . To our knowledge, joint effects of occupational and personal medical diagnostic ionizing radiation exposure on breast cancer risk by SNPs in genes in apoptosis, inflammatory, or growth stimulation pathways have not been previously investigated.
Materials and Methods
Study Population. In 1982, the U.S. National Cancer Institute, in collaboration with the University of Minnesota and the American Registry of Radiologic Technologists, initiated a study of cancer incidence and mortality among 146,022 (106,953 female) U.S. radiologic technologists who were certified for at least 2 years between 1926 and 1982. The cohort members are predominantly White (95%) and their current mean age is 56 years, owing to larger numbers who began working after 1970. During 1984 to 1989 and during 1993 to 1998, postal surveys were conducted that included detailed questions related to work history as a radiologic technologist, family history of cancer, reproductive history, height, weight, other cancer risk factors (such as alcohol and tobacco use), and information regarding health outcomes, including breast cancer. The numbers of known living female technologists who responded to the first and second surveys are 69,524 of 98,233 (71%) and 69,998 of 94,508 (74%), respectively (see ref. 15 for other study participation details). This study has been approved annually by the human subject review boards of the National Cancer Institute and the University of Minnesota.
Cancer Confirmation and Recruitment for Nested Case-Control Study. All living female technologists reporting a primary breast cancer (ductal carcinoma in situ or invasive breast cancer) on one or more surveys that was confirmed based on pathology or medical records were eligible for inclusion. In December 1999, when biospecimen collection began, there were 1,386 living (prevalent) breast cancer cases with diagnosis years ranging from 1955 to 1998. By the end of December 2003, 874 (63%) breast cancer cases had provided informed consent, a blood sample, and completed a telephone interview collecting updated cancer risk factor and family cancer history information and selected work history data. Another 83 cases could not be located, had an unlisted telephone number, or did not respond to repeated correspondence inviting participation; 22 were too ill to participate, 358 refused, and 49 could not arrange a blood draw or the draw was unsuccessful.
Control Selection. As for cases, controls must have been alive and have completed one or more of the two survey questionnaires. Controls were selected randomly by birth year in 5-year strata corresponding to the case birth year distribution and frequency matched to cases (ratio 1.5:1). There were 2,268 living controls; 1,094 (48%) provided informed consent, a blood sample, and completed a telephone interview. There were 249 controls who could not be located or had an unlisted number and did not respond to repeated correspondence, 36 were too ill, 839 refused, and 50 could not arrange a blood draw or the draw was unsuccessful.
Sample Handling. After venipuncture, whole blood samples were shipped overnight with an ice pack to the processing laboratory in Frederick, MD. Blood components were separated and DNA was extracted using Qiagen kits (Qiagen). The samples were tracked by a unique ID code, and laboratory investigators were blinded to case-control status. Due to biospecimen contamination (n = 12), inadequate biospecimen quantity (n = 12) and incomplete survey data (n = 2), the final sample size consisted of 859 cases and 1,083 controls.
Selection of Candidate SNPs and Sample Genotyping. The SNPs were selected for their common frequency in the population, results of previous epidemiologic studies, and for potential function based on amino acid substitution or location in promoter regions or splice sites. We chose 16 candidate variants in eight genes: AHR (rs2066853), CASP8 (rs13113, rs1045485), CDKN1A (rs1801279), DR4 (rs4871857), IL1A (rs17561), TP53 (rs17882155, rs17883831), IGFBP3 (rs2854744, rs2132572, rs2471551, rs9282734, rs6413441), and TGFb1 (rs982073, rs1800471, rs1800472) involved in apoptosis or growth stimulation, or both.
Samples were genotyped using standard TaqMan or MGB Eclipse assays. Genotyping methods for specific SNPs can be found online 10 (16) and others were described previously (17) . There were 115 quality control samples embedded randomly in the sample trays, composed of between 9 and 14 replicate samples from the same 10 individuals. All laboratory personnel were blinded to the location of the replicates. Of the replicated samples for the 16 assays, there were no discrepancies. For the various SNP assays, completion success ranged from a low of 86.9% for TGFB1 P25R and a high of 99.7% for IGFBP3 H158P. If the TGFB1 P25R assay is excluded, the average genotyping success was 98.4%.
Occupational Ionizing Radiation Exposure. The occupational dosimetry system used to estimate absorbed dose to the breast has been described in detail elsewhere (18, 19) , with some significant refinements (20) introduced for this work. The present dosimetry version incorporates new dose factors [i.e., Gray (Gy) to breast per Sievert (Sv) of badge dose] that reflect temporal changes in X-ray machine tube potentials and filtration, more reliable estimates of photon transmission through protective aprons and shields, more precise estimates of individual-specific apron use during the years worked, and substantially greater number of occupational radiation monitoring badge readings from cohort members in the period before 1977.
In brief, the occupational dosimetry system derives probability density functions that represent the annual distribution of possible true breast doses for each study subject taking into account the individual's monitoring badge readings (when available) and extensive data we collected by questionnaire on work history. Monte Carlo methods were used to simulate 100 dose realizations from each subject's annual dose density function; the arithmetic mean of the 100 annual dose estimates was taken to be the annual mean breast dose for that individual. To derive a cumulative occupational breast dose for each person, we summed their derived arithmetic mean doses from each year they worked up to 10 years before breast cancer diagnosis for cases and an equivalent time point for controls. An ''age at diagnosis'' equivalent for controls was calculated by dividing cases and controls into year of birth tertiles and assigning controls the mean age at diagnosis of cases in that tertile. A 10-year lag for exposure was chosen because this is a generally accepted latency period for solid cancers, including breast cancer (21, 22) . The occupational radiation doses are shown in summary form in Table 1 .
Personal Medical Radiation Exposure. From the two mailed surveys administered to the cohort, we used the self-reported numbers and calendar time periods of the diagnostic X-ray procedures to calculate a cumulative breast dose score as an approximation of organ dose. The cumulative score was calculated by multiplying the number of procedures by nominal estimates of breast doses from these procedures over time derived from earlier publications (refs. 23-25) 11 and expert judgment by two medical radiation dosimetrists (M.S. and M.R.; Table 2 ). Although the breast dose score is an approximation of Gy, due to uncertainties in recall of various procedures and uncertainties with the nominal per procedure dose estimates, we prefer ''cumulative breast dose score'' rather than breast dose per se. Procedures occurring 10 years before breast cancer diagnosis for cases and an equivalent time point for controls were excluded from the cumulative score; a 10-year lag also minimizes potential bias from procedures done because of preclinical disease symptoms (26) .
For radionuclide procedures, we created an ''ever/ never'' variable because information on the number of procedure subjects underwent was not available. Calendar year was available, so if the reported year was during the 10 years before breast cancer diagnosis (or equivalent year in controls) the subject was assigned to the ''never'' category. We also created an ever/never variable for radiation therapy. Subjects were considered exposed if they received any cancer therapy or therapy for benign conditions in which breast tissue was likely to be located within the treatment field 10 years before breast cancer diagnosis (or equivalent year in controls). We assumed that radiation therapies for benign conditions in which breast tissue was not likely to be located within the treatment field would have been minor contributors to dose, and these procedures were not included. However, cancer therapy for sites more distant from breast tissue could result in significant scatter radiation to the breast because of higher treatment doses, so these procedures were included in the ''ever'' exposed category.
Statistical Analysis. For each SNP, the rare allele among controls was considered the variant allele. When <2% of the controls were homozygous variant, homozygous variant and heterozygous subjects were combined in one category. We assessed Hardy-Weinberg equilibrium among controls using m 2 or Fisher's exact test. Associations between SNPs and breast cancer were evaluated using unconditional univariate and multivariate logistic regression. Main effects of occupational breast dose and personal diagnostic radiation breast dose score were assessed by modeling the odds ratio (OR) as a linear function in logistic regression models:
where D is continuous radiation dose and b is the excess OR (EOR) per unit dose (Gy) or dose score. Occupational radiation dose and personal diagnostic radiation dose score were adjusted for each other. Adjusting for exposure from radiation and radionuclide therapies had little effect on the estimated risks from occupational and personal diagnostic X-ray exposures. To evaluate whether SNPs modified the relation between radiation and breast cancer risk, we allowed the radiation-related EOR to vary by genotype while adjusting for the genotype effect. EOR heterogeneity across genotype categories was assessed using likelihood ratio tests. Because some genotype categories contained small numbers of individuals, dose-response estimates were sometimes less than zero. In these instances, the estimates were denoted as ''<0.'' Based on genotype main effect associations from the present study or information from a large pooled study (11), we also analyzed selected SNPs assuming a dominant mode of inheritance; that is, the heterozygous and homozygous variant subjects were combined.
All regression models were adjusted for year of birth. Occupational radiation main effect estimates as well as occupational radiation effect estimates stratified by genotype were adjusted for personal diagnostic radiation dose score (categorically as seen in Table 1 ) and vice versa. Adjustment for age at menarche, number of live births, age at first birth, family history of breast cancer, history of benign breast disease, oral contraceptive use, hormonal replacement therapy, body mass index, height, alcohol consumption, and cigarette smoking did not substantially change genotype or radiation main effect estimates or radiation effect estimates stratified by genotype, so these variables were not included in the final models.
Confidence intervals (CI) for genotype risk estimates were Wald-based, whereas CIs for radiation risk estimates were derived from the profile likelihood method. We used EPICURE software (Hirosoft) for linear doseresponse analyses and SAS software (SAS Institute, release 8.02) for all other analyses.
Results
Selected distributions of demographic and ionizing radiation exposure variables are shown in Table 1 , along with their corresponding ORs. Compared with controls, cases were more likely to have a previous history of radiation therapy. Cumulative occupational breast organ dose and personal diagnostic radiation breast dose score were not statistically significantly associated with breast cancer risk in multivariate regression (EOR/Gy = 1.4; 95% CI, -0.4-4.0; P = 0.3; EOR/Gy = 1.3; 95% CI, -0.4-4.0; P = 0.3, respectively). The two sources of radiation exposure were not correlated with each other (r 2 = 0.02). Allele frequencies in controls did not deviate from expectation based on Hardy-Weinberg equilibrium. In multivariate analyses (Table 3) , the minor allele of CASP8 D302H was associated with a significantly decreased risk of breast cancer (OR, 0.3; 95% CI, 0.1-0.8). The minor allele of CDKN1A S31R was present in seven controls and none of the cases; the upper bound of the 95% CI was 0.3. Risk of breast cancer was significantly associated with an increase in the number of the minor alleles for IL1A A114S (heterozygote OR, 1.2; 95% CI, 1.0-1.4 and homozygote OR, 1.5; 95% CI, 1.1-2.0; P trend = 0.008).
Interactions with ionizing radiation -associated breast cancer risk by genotype are shown in Table 4 . Suggestive evidence of interaction with personal diagnostic X-ray radiation exposure score were observed for three genotypes based on likelihood ratio test P values: DR4 (rs4871857, P = 0.09), IL1A (rs17561, P = 0.004), and IGFBP3 IVS3-707-! A (rs6413441, P = 0.03) that all involved personal diagnostic X-ray exposure. No interaction was observed for occupational radiation exposure and genotype. When a dominant model was assumed for these SNPs, the likelihood ratio test P value for diagnostic radiation exposure was 0.03 for the DR4 genotype. The magnitude of the DR4 genotype -specific breast cancer risk estimates for occupational radiation dose and diagnostic radiation dose score for any minor allele (CG or CC) were similar, with an EOR/Gy of 2.2 (95% CI, <0 -7.1) and an EOR/unit breast dose score of 2.7 (95% CI, 0.04-7.0), respectively. Assuming a dominant model for the IL1A genotype, the likelihood ratio test P value for diagnostic radiation exposure was 0.002. The IL1A genotype -specific breast cancer risk estimate for diagnostic radiation exposure score was strongest for the heterozygous group (EOR 7.8; 95% CI, 2.3-17). For IGFBP3, a dominant model was not used because only the homozygous variant subjects showed a significantly different EOR, suggesting a possible recessive effect. Subjects heterozygous for TGFB1 L10P had a significantly elevated EOR of 2.9 (95% CI, 0.4-9.6) for occupational radiation dose, but when analyzed in a dominant model the EOR did not differ from those homozygous for the major allele and was no longer statistically significant (EOR 1.6; 95% CI, <0 -5.8).
Discussion
In our evaluation of common variants in apoptosisrelated genes, we found a significantly decreased risk of breast cancer associated with the HH genotype of CASP8 D302H. The association with the minor allele of CASP8 D302H has been confirmed by a large breast cancer consortium in which the present study was included (11) . As yet, the function of the CASP8 D302H variant is not known, but caspase-8 plays a central role in the extrinsic tumor necrosis factor family death receptor pathway leading to the activation of the effector caspases (27) . We also found a significantly increasing risk associated with the minor alleles of IL1A A114S. Interleukin-1 possesses pleiotropic effects that are associated with infection, inflammation, and autoimmune processes. Interleukin1a acts as an early-response proinflammatory cytokine, a transcription factor, and interleukin-1 plays a dominant role in mediating systemic inflammation (28) . Several types of cancer have been associated with chronic inflammation (29) . The IL1A A114S polymorphism is closely located to a protease cleavage site (30) and the AS or SS genotypes were associated with higher circulating levels of C-reactive protein than the AA genotype (31), suggesting a functional role for this variant. The rare allele of IL1A A114S was associated with a reduced risk of breast cancer in one previous study (32) , an observation in the opposite direction of the present study. To our knowledge, no other studies have investigated the association of breast cancer and IL1A A114S.
Unique features of this study were its large size (859 cases and 1,083 controls), carefully reconstructed cumulative occupational radiation breast dose estimates (18, 19) , cumulative questionnaire-based diagnostic radiation breast dose scores, and the availability of detailed information about reproductive, demographic, and lifestyle factors derived from interviews of all subjects. Our risk estimates for both occupational and personal diagnostic radiation exposure were consistent with the entire cohort (data not shown) and from studies of radiation effects on breast cancer risk (ref. 33 ; reviewed in ref. 34 ). In addition, age at menarche, first degree relatives with breast cancer, number of live births, age at first live birth, history of benign breast disease, age at menopause, years of hormone replacement therapy, and body mass index were all associated with breast cancer risk in the direction and with the magnitude expected. We did not find an association with oral contraceptive use or alcohol consumption.
We found evidence of heterogeneity in the personal diagnostic radiation score dose-response relationship by two genotypes DR4 R209T and IL1A A114S, indicating possible effect modification. For the DR4 R209T polymorphism, the pattern and magnitude of the EOR/Gy were similar for both sources of radiation exposure in a dominant model, supporting the relationship between the genetic variant and radiation-associated breast cancer risk. However, the main effect for DR4 R209T in this and a previous study (35) was not significant, with the genotype-specific radiation -breast cancer risk relationships decreased for one group and increased in the others (Table 4) , suggesting possible statistical variability. The IL1A A114S polymorphism, despite an overall association with breast cancer risk, showed a dissimilar pattern between the EOR/Gy by genotype for personal diagnostic radiation dose score compared with occupational radiation dose. It is possible that the low protracted exposures that characterize chronic occupational exposure may not activate DNA repair, inflammatory or apoptotic mechanisms (36), whereas somewhat higher and typically acute doses associated with many personal diagnostic or therapeutic radiological procedures (e.g., gastrointestinal series, mammograms, fluoroscopically guided procedures) may be sufficient to induce cellular or tissue reactions.
Some limitations of our study were that cases must have survived from the time of breast cancer diagnosis to blood collection, which averaged 21.5 years. However, analysis of allele frequencies over time showed no significant trends or differences (data not shown), suggesting none of the genotypes were correlates of survival. We found few differences when we compared demographic and other characteristics among responders, nonresponders, and decedents, including race, education, marital status, age in 1999, cigarette smoking, alcohol consumption, age at menarche, age at first live birth, and number of live births. However, among cases -19) and controls, the proportion of African-Americans was lower among responders than nonresponders, slightly more responders than nonresponders used oral contraceptives, and a higher percentage of technologists from the Midwest responded compared with those from the Northeast. Decedents who reported a breast cancer but died before blood collection (N = 352) were significantly more likely to be older at breast cancer diagnosis, African-American, and smoked cigarettes longer than responders. Although it is impossible to know with certainty that genotypes did not vary differentially among the decedents, a recent analysis did not show significant differences in SNP genotype frequencies with respect to levels of response in control groups from three different study groups, including the present one (37) . It is possible that the associations we observed between personal diagnostic radiation dose score and breast cancer risk were confounded by other breast cancer risk factors that are associated with increased screening for breast cancer, such as family history of breast cancer and history of benign breast disease. Inclusion of these variables, however, did not appreciably alter the regression point estimate.
Our study of the joint effects of genotypic variants and quantitative estimates of breast occupational radiation dose and personal diagnostic radiation dose scores to the breast in the U.S. Radiologic Technologists cohort is among the first to assess potential gene and low-dose radiation interaction. We identified two polymorphisms, DR4 R209T and IL1A A114S, that may modify the radiation-associated breast cancer risk. These findings need to be replicated in studies with substantially larger numbers of women with information on personal diagnostic procedures or occupational radiation doses to the breast in the low-to moderate-dose range.
